Wilkes went up to St John's College in October 1931. He was torn between mathematics and natural philosophy, and decided on the Mathematical Tripos. Although he was by temperament an engineer, for which he had a greater aptitude than his chosen subject, he never regretted reading mathematics, and it turned out to be a good preparation for a life in computing. In any case, he found outlets for his other interests by becoming a member of the Wireless Society and taking a course in wireless waves in his final year (figure 1). He graduated with first-class honours in June 1934, a distinction he shared with Alan Turing (FRS 1951) , who completed his studies in the same year, although they barely knew one another as undergraduates.
Postgraduate studies and war service
Wilkes always viewed his undergraduate studies as nothing other than a preparation for a life in research. Immediately on graduating he became a research student in radio physics in the Cavendish Laboratory under the supervision of J. A. Ratcliffe FRS. He was assigned to a group studying the propagation of very long radio waves. The work involved excursions in a motor car, towing a caravan loaded with portable electrical measuring equipment, taking readings in the field, and undertaking a mathematical analysis afterwards. In every way Wilkes was in his element and it gave him a lasting interest in the physics of the atmosphere.
In his second year as a research student, Wilkes attended a lecture by Douglas Hartree FRS, Professor of Applied Mathematics at Manchester University, which changed the course of his life. A few years previously, Vannevar Bush at Massachusetts Institute of Technology (MIT) had invented an analogue computing machine for integrating differential equations, called a differential analyser. Hartree had built a model differential analyser in 1934 from Meccano that proved to be surprisingly accurate and useful. A copy of this machine had been built at Cambridge for John Lennard-Jones FRS, Professor of Theoretical Chemistry, and it was demonstrated at Hartree's lecture. This was the first Wilkes had heard of the machine and he asked Lennard-Jones if he might use it. Wilkes found the differential analyser irresistible. His research threw up numerous differential equations and his early publications involved their solution (1, 2, 4, 5, 7)*. He was soon such an expert that Lennard-Jones invited him to take charge of the machine and provide technical assistance for users. By good fortune the appointment came with a stipend, just as Wilkes's research grant from the Department of Scientific and Industrial Research was coming to an end. In 1937 Lennard-Jones persuaded the university to establish a 'calculating laboratory'. At the last minute the facility was named the Mathematical Laboratory, perhaps to make its mission seem less prosaic; the name was changed to the Computer Laboratory in 1970. Lennard-Jones was appointed Director of the Mathematical Laboratory, and Wilkes became Assistant Director with the rank of University Demonstrator.
The Laboratory was located in the former Anatomy Laboratory, Corn Exchange Street. Wilkes set to work with characteristic energy-improving the Meccano differential analyser (3), installing a variety of calculating machines, and making himself known to the small world of computing experts. Before he took charge, the Laboratory had commissioned a one-of-a-kind analogue electric computing machine from the Cambridge Instrument Company, invented by R. M. M. Mallock of the university's Engineering Department. Wilkes used the Mallock Machine to solve a set of linear equations (6) , but it never became a mainstay of the computing service. The Laboratory had a budget for a full-scale differential analyser, and a copy of the machine constructed for Manchester University was ordered from Metropolitan-Vickers. This necessitated Wilkes making a trip to Manchester, where he met Douglas Hartree in person for the first time. Hartree collected Wilkes from the railway station in his motor car, and put him up in his home. It was the beginning of a lasting friendship. When Hartree moved to Cambridge University after World War II, he became a kind of godfather to the Laboratory. However, no sooner was the differential analyser delivered than Britain was at war. The facilities of the Laboratory were taken over by the Ministry of Supply, and Wilkes was enlisted in the scientific war effort.
In the run-up to war, the Cavendish Laboratory had entered secret high-level talks with the Air Ministry as to its role if a conflict should come. In July 1940, not long after the fall of France, Wilkes was mobilized, along with Ratcliffe and several of his Cavendish colleagues. He was initially assigned to RAF Bawdsey Research Station, serving technical and operational roles in the Chain Home radar stations. He was a key member of the Air Defence Research and Development Establishment, working under John (later Sir John) Cockcroft FRS, and then of the Army Operational Research Group, and made important contributions to the development of radar, especially the radar cross-section of a target. Later he was transferred to the Telecommunications Research Establishment (TRE), where he undertook operations research into the effectiveness of radar equipment-his only war activity to result in a publication (9) . Immediately after the end of the war, he was part of a technical mission in Germany to evaluate electronic developments. Like most scientific war work, that of Wilkes was highly specialized, and pragmatic rather than fundamental. He was unusual, however, in that his experience-involving both pulse electronics and practical computation-would prove an almost perfect background when it came to building the EDSAC computer after the war.
In spring 1945 the end of the war was in sight, and the Mathematical Laboratory at Cambridge University was re-established. The Ministry of Supply was prised out of its wartime occupation of the Laboratory and Wilkes resumed his duties as Acting Director with the rank of University Lecturer in October 1945 (figure 2). He had two remits: first, to conduct research into computing machines and methods; and second, to provide computing resources and assistance for users.
the edsac and the develoPment of Programming
Soon after the end of the war, three major British computer projects were established in Britain, at Manchester University, Cambridge University, and the National Physical Laboratory (NPL). The projects were led by F. C. Williams (FRS 1950) and T. Kilburn (FRS 1965) at Manchester, Wilkes at Cambridge, and Turing at the NPL. The starting point for all of the projects was a theoretical design for a computer known as the EDVAC (Electronic Discrete Variable Automatic Computer) developed by John von Neumann and others at the Moore School of Electrical Engineering at the University of Pennsylvania. (The EDVAC was the successor to an earlier special-purpose electronic calculator, the ENIAC (10).) Although the primary aim of all the projects was to build a practical computer, their secondary aims differed. At Manchester the focus was on engineering, at the NPL on numerical mathematics, but at Cambridge Wilkes lit on the development of programming.
Wilkes first learned in detail about the EDVAC in May 1946, when he received a visit from L. J. Comrie (FRS 1950), Britain's foremost computing expert. A former superintendent of the Nautical Almanac Office, in 1937 Comrie had founded the Scientific Computing Service, the world's first for-profit calculating agency in London, and had prospered during the war (Croarken 1990). Comrie was helping Wilkes to re-equip the Laboratory. On this occasion, Comrie brought with him a copy of the First draft of a report on the EDVAC, dated June 1945, which von Neumann had written on behalf of the computer group at the Moore School. As Wilkes recalled, there were no photocopiers in those days, so he stayed up late into the night reading it. The EDVAC Report described the logical design of the stored-program computer on which almost all subsequent computers were based, up to the present day. Wilkes decided at once that the Laboratory should have one.
A few weeks later, Wilkes received a telegram from the Moore School. They were planning a summer school in computer design and would he like to attend? He did, but 1946 was not a good time for overseas travel. Because of bureaucratic and shipping delays he arrived in time for only the last two weeks of the eight-week course. Wilkes was unfazed by the delay, because most of the course was background material on numerical methods and electronics in which he was already well versed. The Moore School was not free from red tape either. At the time the summer school started, the EDVAC was still classified; security restrictions were not lifted until the final days of the course, when the students were shown the block diagrams of the EDVAC in a darkened room. Because of the security restrictions, the participants were allowed to take away nothing but their personal notes. But it was all that Wilkes needed. Returning to the UK on the Queen Mary he began to map out the design of the EDSAC. The name EDSAC was deliberately chosen to echo EDVAC so that there should be no doubt about its provenance.
At all times Wilkes was more interested in getting a computer up and running quickly than in having one with the highest technological performance. So, for example, he opted for a halfmegacycle pulse rate. If he had been more adventurous he could have built a machine that was twice as fast. But he reasoned that since the computer would be a thousand times faster than anything previously available, users would be well enough satisfied and would be pleased to have the machine sooner rather than later.
The key technical problem facing all the early computer groups was designing a memory system that could store at least a thousand numbers and instructions. No one anywhere had built such a device. The Moore School advocated using mercury delay lines, which were a by-product of radar research and so-always taking the path of least difficulty-that is what Wilkes decided on. In October 1946 he had a great stroke of luck when he encountered a newly arrived Cavendish research student, Thomas Gold (FRS 1964) , who subsequently became a distinguished astrophysicist. In the last year of the war, Gold had worked on a moving-target indicator based on a mercury delay line for the Admiralty's radar research programme (Gold 1951) . He was able to give the constructional particulars to Wilkes, who followed them to the letter.
Before he could start construction in earnest, Wilkes needed to build up an engineering team. Gold again came to the rescue when he recommended a seasoned electronics engineer, William Renwick, with whom he had worked at the Admiralty Signals Establishment. Another key appointment was Eric Mutch, a meticulous project manager and administrator, whom Wilkes had worked with from time to time at the TRE. By the end of 1947, more technical staff had been recruited and construction went full steam ahead (figure 3). Always an outstanding communicator, Wilkes published several papers describing the machine's progress (see, for example, (12) (13) (14) (15) ).
Besides building the EDSAC, Wilkes had heavy administrative burdens. While Renwick and the engineering staff got on with building the EDSAC, Wilkes attended to the postwar reconstruction of the Laboratory. There was an academic programme to develop and a computing service to provide. In November 1947 he established a series of fortnightly colloquia, which became a focal point for all the computer groups working in Britain. A course on numerical analysis was initiated, with Douglas Hartree giving the lectures. The first three research students were recruited: John Bennett, David Wheeler (FRS 1981) and Stanley Gill. Ben Noble, and later R. A. (Tony) Brooker, were hired to manage the differential analyser. All of these individuals would become significant players in the rapidly evolving computing scene of the 1950s. In particular, Wheeler became a distinguished fixture of the Laboratory, and he and Wilkes would have complementary roles in its development.
In April 1947, at the age of 33 years, Wilkes married Nina Twyman, the classicist daughter of a diplomat. Wilkes had an enormous capacity for work at this stage of his life. Alongside the development of the EDSAC and the Laboratory, he picked up the threads of his prewar research in radio physics, publishing articles (8, 11) and a monograph, Oscillations of the Earth's atmosphere, for Cambridge University Press (16) . Wilkes was as interested in using computers as in building them. In 1948 it was not foreseeable to Wilkes or anyone else that computing would become a 'science' and that computers would assume world-shaking importance. At this time the computer was primarily a scientific instrument-rather like an electron microscope or a radio telescope. For Wilkes, the computer represented not so much an end in itself as a means to advance research in his particular science, the physics of the atmosphere. He continued to be active in radio physics up to the early 1960s. The EDSAC sprang into life on Friday, 6 May 1949, successfully printing a table of squares. It was the world's first practical EDVAC-type computer. Six weeks later there was an inaugural conference, attended by practically the whole of the British and European computing community-there were 144 delegates (Mathematical Laboratory 1950a).
After the conference, Wilkes assumed the role of a user, both to put the machine through its paces and to see how it might advance his personal research. His first real application program was for the integration of Airy's differential equation-a type that tended to arise in atmospheric physics. In writing this program he made one of the most profound discoveries in computing: that getting programs right was very difficult. His was a short program of 126 instructions, but it contained about 20 errors. It was only after at least a dozen attempts that he finally coaxed the correct results out of the machine. He subsequently recalled, in a much quoted passage of his memoirs ((37), p. 145):
By June 1949 people had begun to realize that it was not so easy to get a program right as had at one time appeared. I well remember when this realization first came on me with full force. The EDSAC was on the top floor of the building and the tape-punching and editing equipment one floor below on a gallery that ran round the room in which the differential analyser was installed. I was trying to get working my first non-trivial program, which was one for the numerical integration of Airy's differential equation. It was on one of my journeys between the EDSAC room and the punching equipment that 'hesitating at the angles of stairs' the realization came over me with full force that a good part of the remainder of my life was going to be spent in finding errors in my own programs.
Something needed to be done about the programming problem. Capitalizing on this early insight, Wilkes turned the problem over to Wheeler, who developed the so-called Initial Orders (later known as an assembler). The Initial Orders read in a program written in a simple symbolic form and converted it into the binary instructions used by the circuits of the computer. Wilkes was bowled over by the system that Wheeler developed-he described it as a tour de force of programming. This Wilkes could never have done. On the other hand, Wilkes brought into being a practical computing service, which would never have interested Wheeler.
The Laboratory began to offer a university-wide computing service at the beginning of 1950. In September the programming system was described in Report on the preparation of programmes for the EDSAC and the use of the library of sub-routines (Mathematical Laboratory 1950b). Wilkes sent copies of the report to everyone he thought might be interested. At about this time he received a visit from Zdenek Kopal, who was then at MIT and later became Professor of Astronomy at Manchester University. Wilkes, hopeful that the report might be published, gave a copy of the report to Kopal, who brought it to the attention of Addison-Wesley in Cambridge, Massachusetts. Wilkes duly received an offer from Addison-Wesley, and the book appeared in 1951 under the title The preparation of programs for an electronic digital computer (18). The book was essentially the same as the September 1950 report, with the addition of a foreword by Hartree and Americanized spelling. Wilkes included as co-authors Wheeler and Gill (the latter had developed ground-breaking debugging techniques), and the book became known as Wilkes, Wheeler and Gill, or WWG for short. It was the first textbook on programming, and because it was published at a time when the first computers were just coming into operation it rushed in to fill the vacuum of knowledge about programming. The book influenced programming techniques almost everywhere (indeed, the subroutine library, organized in the manner invented by Wheeler, remains a fundamental principle of most programming systems up to the present day). WWG was perhaps the single most important outcome of the EDSAC.
The completion of the EDSAC attracted worldwide attention, and Wilkes was in constant demand to write articles and give lectures. He enjoyed writing for the lay person, and his direct, simple style was put to great effect in a full-length work, Automatic digital computers, published by Methuen in 1956 (24). In his personal research Wilkes still had a foot in two camps: in radio physics (17, 20) and computing (21); just occasionally the two came together (23).
In 1950 Wilkes instituted an annual summer school in programming, which continued for several years. At a time when it was very difficult to get first-hand experience of using a computer, this served a vital national purpose in manpower training. Many of the course participants went on to have important roles in the emerging computer industry, in user organizations and in academia. A one-year postgraduate Diploma in Numerical Analysis and Automatic Computing began in 1953. Numerical analysis was initially taught by Hartree, but Wilkes later took over and published a compact and successful textbook that stayed in print for many years (28) .
Beyond the Laboratory, the EDSAC began to transform the nature of scientific research in the university, most spectacularly with the elucidation of the molecular structure of myoglobin by John Kendrew (FRS 1960) , in which he was assisted by the Laboratory's John Bennett. Kendrew shared the 1962 Nobel Prize in Chemistry for this achievement (Kendrew 1962 ). The EDSAC also led to a commercial spin-off, the LEO computer built by the catering company of J. Lyons. The company subsequently established Leo Computers Limited, which became Britain's first manufacturer of commercial data processing computers (Ferry 2003) .
edsac 2 and microProgramming
The Mathematical Laboratory, like several other world-class academic computing centres (such as Manchester University and MIT), designed a succession of computers with the twin objectives of acting as a focus for departmental research and subsequently providing a computing service. This phase of the academic development of computing lasted until about 1970, after which it became impossible to combine these objectives. In the case of the Mathematical Laboratory, the successive projects were EDSAC, EDSAC 2 and Titan. (The next project, the CAP computer, was never intended to provide a general computing service.)
Wilkes began planning for a successor to the EDSAC as soon as it had settled down and begun to provide a regular computing service. Although the new machine would still use vacuum tubes, it was intended to achieve at least a tenfold speed improvement by using parallel rather than serial operation (that is, processing several bits at a time instead of one bit at a time). The idea of a parallel computing structure was well known and had been promulgated by von Neumann and Herman Goldstine at the Institute for Advanced Study, Princeton, in a series of reports during 1946-48.
Although by the early 1950s it was possible to buy a commercially manufactured computer, building a computer in-house enabled it to be used as a proving ground for new ideas in computer design. Thus the Manchester University Atlas innovated with virtual memory, MIT's Compatible Time-Sharing System pioneered online interaction, and EDSAC 2 demonstrated microprogramming. All of these were of fundamental importance in computer design and were adopted as standard techniques by industry.
In July 1951 Wilkes presented his initial thoughts at the Manchester University Computer Inaugural Conference, held to celebrate the arrival of the Ferranti Mark I computer (built to the university's design). Wilkes's paper 'The best way to design an automatic computing machine' (19) contained two key ideas, which later went under the names of bit-slicing and microprogramming. Both techniques were intended to reduce the amount of 'random logic' in computer hardware that made design and maintenance difficult. Wilkes proposed, where possible, the use of several chassis of identical construction so that the design process would be simplified and, in service, it would be possible to replace a faulty unit rapidly. Although the technique would entail the use of extra hardware, this would be compensated for by easier design and maintenance. This idea, under the name of bit-slicing, later became a standard technique in integrated circuit design, although probably owing more to reinvention than to Wilkes, as it was an idea that became somewhat obvious as the cost of electronics fell.
Microprogramming, however, was decidedly non-obvious. The idea was to use a set of internal 'micro orders' to implement the standard machine instructions (for example, a multiply instruction would be achieved by a microprogram that executed a series of primitive shift and add microinstructions). In this way the heart of the machine would come to be defined by software rather than hardware, and would therefore be much easier and more flexible to design (22) .
Wilkes entrusted Renwick with leading the hardware design of EDSAC 2, and Wheeler with undertaking the programming including the design of the microprogram. (Wheeler was now a research fellow and later became a professor of computer science.) Wheeler, assisted by a research student, David Barron, executed his part with characteristic brilliance. Interestingly, because Wheeler's original EDSAC programming system had been so satisfactory, the Laboratory was slow to develop programming languages, but an 'autocode' was at last developed for EDSAC 2 by Wilkes's research student David Hartley. EDSAC 2 came into service in early 1958, and the original EDSAC was dismantled a few months later. EDSAC 2 provided, for its era, a fast and reliable computing service (figure 4). However, of much greater significance to the outside world was the successful realization of Wilkes's microprogramming invention, which was undoubtedly his most significant technical contribution to the development of computing.
The EDSAC 2 microprogramming technique was described in detail in a joint paper by Wilkes, Renwick and Wheeler presented at a meeting of the Institution of Electrical Engineers (IEE) in March 1958, and subsequently published in its Proceedings as 'The design of the control unit of an electronic digital computer' (26) . This got the idea into the mainstream. Microprogramming was capable of seemingly endless adaptation and refinement, and over the following decade some 50 papers were published on the topic (32).
The most important implementation of microprogramming occurred in IBM's System/360 range of computers announced in April 1964, which became the first standard computer platform. The idea was first picked up by John Fairclough at IBM's Hursley Laboratories in Winchester. Fairclough (later Sir John Fairclough, Margaret Thatcher's chief scientific advisor) was the only UK-based member of the System/360 design team. A key requirement for the new computer range was that it should be upwardly software compatible, so that a program written for one machine would be able to function correctly on a larger machine in the series. It was quite easy to achieve upward compatibility (the instruction set of each model just had to be a superset of the one below it in the range). Fairclough brought microprogramming into the picture, and this enabled the range to be both upward and downward compatible by giving every processor an identical instruction set (instructions were implemented by microprogram in low-end machines and by hardware in the high-end machines). This provided enormous cost savings in the design, manufacturing and system software for System/360 (Pugh et al. 1991, pp. 132-134) . Microprogramming remains a cornerstone of computer design.
As Wilkes anticipated, the development of EDSAC 2 spawned several interesting subprojects. These included core memory, a fast paper-tape reader, and a magnetic-tape backing store. Although the age of the entrepreneurial start-up had not yet arrived in Britain, Wilkes used his contacts with industry to ensure that the ideas were developed commercially.
It had originally been intended to use a mercury delay line memory for EDSAC 2-reluctantly, but this was still the best option in the early 1950s. After visiting MIT in the summer of 1953, however, Wilkes saw its newly developed core memory in operation and on returning to the Laboratory decided that they would do the same. Wilkes negotiated with Mullard to obtain suitable cores (small magnetic ceramic toroids) and the Laboratory constructed a 1024-word store. The design was transferred to Mullard, which subsequently went into core memory manufacture. The staff developed a high-speed paper-tape reader, which was then developed and manufactured for many years by Elliott Brothers. Wilkes worked with a research assis tant, Donald Willis, on a prototype magnetic-tape auxiliary store (25). Willis subsequently joined Decca, which went into magnetic-tape drive manufacture, and eventually equipped the EDSAC 2 with tape drives.
Not all of Wilkes's geese turned out to be swans, however, and one of his comparative failures was the WISP programming system. In the late 1950s there was a vogue for 'selfcompiling compilers'-that is, programming language translators written in their own language. He was initially intrigued by a self-compiling system, NELIAC, developed for the US Navy and brought to his attention by Harry Huskey, a sabbatical visitor from the University of California, Los Angeles (Huskey et al. 1960) .
At this time Wilkes's personal research had languished somewhat as other activities took over. Besides the administrative load of running the Laboratory, he was the most publicly engaged of Britain's senior computing academics. After his election as a Fellow of the Royal Society in 1956, he had become chairman of its Mathematical Tables Committee, and presided over its gentle dissolution. (The computer had made mathematical tables largely obsolete, and an older generation of table-makers had to be appraised of the new world order.) He was heavily involved in the creation of the British Computer Society (BCS), the learned society for computing, and served as its first president from 1957 to 1960. His presidency also obliged him to serve as the British representative of the International Federation of Information Processing Societies (IFIP), the umbrella organization for national computing societies. He was no longer active in radio physics, and his hope was that the self-compiling compiler project would get him back into the swing of research. WISP was a small but rather elegant system that used both self-compilation and the newly invented list-processing data structures (27). He intended that WISP should serve as an implementation system for a scientific programming language for the up-coming Titan computer. However, this proved quite impracticable, and a conventional autocode compiler was eventually produced by Peter Swinnerton-Dyer (FRS 1967) of the Mathematics Department. Whereas Wilkes had a seemingly infallible instinct for electronics (he likened it to green fingers), he lacked the same intuitive sense for software and never personally ventured into a programming project again.
titan and time-sharing
By the end of the 1950s EDSAC 2 had nearly 200 regular users, and demand for computing was growing rapidly. To keep pace with this demand the Laboratory decided to acquire a commercially manufactured machine, for which the University Grants Committee (UGC) was beginning to provide funds to universities generally. Wilkes's preferred choice was the Atlas computer, then the most powerful in the world, designed by Manchester University and manufactured by Ferranti. The cost of the Atlas (more than £2 million), however, was far in excess of what Wilkes could muster from the UGC and the university.
To secure a sale, the head of Ferranti's computer division, Peter Hall, made an ingenious offer to the Laboratory. Ferranti would supply an Atlas of reduced specification, at a greatly reduced price, if the Laboratory would cooperate in the hardware and software design to develop a commercially saleable version of the computer, to be known as the Atlas 2-within the university the machine was known as the Titan. The initial plan was to provide a conventional batch operating system, by which users submitted their programs on paper tape or punched cards and collected the results some hours later. The operating system development was well under way when in September 1963 Wilkes returned from a long summer visit to MIT. There he had seen the recently developed Compatible Time-Sharing System (CTSS) in operation. This system, by multiplexing the resources of a large central computer, gave 30 users equipped with teletype terminals simultaneous use of the machine and provided results in real time. Wilkes was convinced that timesharing was the way of the future and proposed this mode of operation for the Titan. Such a change of direction would entail additional hardware and a complete redesign of the operating system, and was opposed by ICT (which had acquired Ferranti's computer division in 1963) and by some in the Laboratory. Wilkes stood his ground and prevailed.
While the redesign was under way, Titan was pressed into service in 1964 with a temporary batch operating system written by Swinnerton-Dyer; EDSAC 2 was decommissioned in the following year. The time-sharing service finally began operation in 1967. The time-sharing mode of operation was ground-breaking and the first of its kind in the UK. It became the preferred mode of computer use in universities until the concept was rendered obsolete by the arrival of personal computers. For the remainder of the 1960s time-sharing was Wilkes's principal avocation, both as proselytizer and researcher. He gave numerous talks on the topic, wrote journal articles (29, 30), and a monograph, Time-sharing computer systems, first published in 1968 and which subsequently appeared in two further editions (31) .
By the late 1960s, now in his mid-fifties, Wilkes was at the peak of his career. In 1965 the university-with extraordinary belatedness-had appointed him to a personal chair, for which he chose the title Professor of Computer Technology. The title was a characteristic swipe at the rising tide of self-important professors of computer science in lesser institutions. As Wilkes liked to say, he had been a scientist and he knew the difference. In 1967 he was the second recipient of the A. M. Turing Award of the United States' Association of Computing Machinery (ACM), computing's highest honour.
The chequered development of Titan brought home to Wilkes, and to computer users generally in the university, the unbridgeable gap between developing a computer as a research project and providing a user-focused computing service. The timing of Titan had been additionally unfortunate because it coincided with the rise of standards-based computing. For users, standards were needed to facilitate the easy interchange of programs and data between researchers in an international context. Because IBM had come to dominate the industry with a three-quarters market share worldwide, an IBM computer was what most users really wanted.
The resolution of this conflict was to separate the academic and research activities of the Laboratory from the provision of a computer service (Ahmed 2013, pp. 66-83) . This separation occurred in practically every university worldwide during the late 1960s and early 1970s. It happened in Cambridge University in 1970. Wilkes handled the separation with his usual adroitness. First, David Hartley was appointed inaugural director of the University Computer Service. Wilkes, always a shrewd judge of character, saw that Hartley was a natural manager and that his talents should be encouraged in that direction. (In 1994 Hartley became chief executive of JANET, the organization for inter-university networking in the UK.) Second, the opportunity was taken to rename the 'Maths Lab' as the Computer Laboratory (the name originally proposed in 1937). Wilkes remained at its head.
final decade in the comPuter laboratory
The reorganization of computing in the university and the demise of unifying computerbuilding projects meant that Wilkes had to redefine his role as head of the Laboratory.
By the early 1970s computer science had become a mainstream academic discipline, and computing departments were being established in universities worldwide. In 1975 the Science Museum reflected this surge of interest with a new gallery of computing, in which the EDSAC had its rightful place among the pioneering British developments (figure 5). Wilkes ensured that the Laboratory kept pace. He proceeded to broaden the academic base, develop computer science teaching and establish new research projects. New appointments were made, sometimes in areas such as theoretical computer science and information retrieval, which were well outside Wilkes's areas of expertise. Undergraduate courses in computer science were introduced, complementing the venerable Diploma in Numerical Analysis and Automatic Computing. The cumulative effect of these initiatives resulted in a department of exceptional breadth and depth for its size, and which punched well above its weight internationally.
Wilkes's character was formed between the wars, and by the standards of the 1970s he could appear somewhat remote; this earned him the not-unaffectionate soubriquet 'the old man' among junior staff and research students. However, Wilkes never distanced himself from the cutting edge of research and he was ever receptive to new ideas. His new role in the Laboratory gradually took the form of a technology scout, seeking out breaking technologies that could be the basis for Laboratory projects and, ideally, commercial exploitation.
To some degree he had already rehearsed this role a few years previously when-inspired by the computer graphics work at MIT-he established a CAD (computer-aided design) project. This work catalysed the government into sponsoring the CAD Centre at Cambridge in 1968, and that in turn spun off several entrepreneurial start-ups.
In 1970 Wilkes initiated the CAP computer project. While he had been engaged in timesharing research in the late 1960s, Wilkes had encountered the concept of 'capabilities'. In a multi-user computer it was necessary to prevent one program from interfering with another and to ration resources. Capabilities offered an elegant solution to this problem that made use of 'tickets' or 'tokens' that controlled programs' shared access to computing resources. The idea had first been promulgated by E. C. van Horn and J. B. Dennis at MIT and was Another of Wilkes's initiatives was the Cambridge Ring local area network. A local area network enabled several small computers, terminals and peripherals to be interconnected to provide an integrated, but shared, computing service. The Cambridge Ring was one of numerous networking projects around the world, although unique of its kind. Its genesis began with one of Wilkes's chance encounters. In January 1974 he had been giving a lecture tour in Switzerland for the British Council and happened to visit the Hasler telecommunications company in Berne. There he saw a novel experimental system for digital telephony that he could see might also work for a computer network.
The idea of the Cambridge Ring was that the various components of a networked computer system would be interconnected by means of a closed communications loop or ring. The ring contained several 'slots' that circulated continuously, and a device in the network could either remove data from a slot or place data in an empty slot for another device to collect (35) , and several firms manufactured the system under licence. Sadly, because of the winner-takes-all economics of microelectronics, the Cambridge Ring was eclipsed by the Xerox Corporation's Ethernet system. The short life of the Cambridge Ring technology was the shape of things to come, not just at Cambridge but worldwide. Every emergent technology was leapt upon simultaneously by several research groups so that the chances of any one group marching ahead of the pack were slim. The legacy of the Cambridge Ring, however, lives on in 'Silicon Fen' companies such as ARM.
Within the Laboratory, the Cambridge Ring formed the backbone of the Cambridge Model Distributed System on which work began in 1978 (36) (Needham & Herbert 1982) . This was a novel distributed architecture that provided very powerful facilities using a cluster of small computers. The Cambridge Distributed System (the 'Model' was subsequently dropped) continued to evolve after Wilkes's retirement and provided a computing facility for the Laboratory up to the late 1980s.
At the end of the 1980 academic year Wilkes reached the statuary retirement age of 67 years. A banquet was held in his honour at St John's College, which was attended by university colleagues, Laboratory staff and alumni, and many of computing's glitterati who had got their start at the summer schools in programming or in the Diploma in Numerical Analysis and Automatic Computing. It was an evening to remember.
retirement and historical writing
Wilkes's anointed successor as head of the Laboratory was Roger Needham, and Wilkes was determined that he would not overshadow him. This was not, however, the main reason that in 1980 he and Nina decided to leave Britain for several years to join the Digital Equipment Corporation (DEC) in Maynard, Massachusetts (figure 6). Ever since his first visit to the USA in 1946 he had loved the country and its people. Thereafter he had visited at least once a year, most frequently to MIT, which he considered his most valuable listening post. It was a mutual affection. Wilkes could charm his hosts and act the role of the English professor in a thoroughly disarming way. He was a master of the calculated understatement, and whereas in Cambridge he could seem stiff and reserved, in the USA he became visibly more relaxed and his occasional waspishness caused nothing more than wry amusement. At DEC Wilkes held the rank of 'senior consulting engineer', an honorific title held by barely a dozen of the company's then 70 000 employees. His most important role was to serve on the Research and Advanced Development Committee, which acted as an interface between project engineers and upper management. In addition he managed several research projects in areas that included computer security and standards for floating-point arithmetic. Towards the end of his tenure he managed DEC's participation in the joint MIT-DEC Athena Project, a distributed computer system for education.
While he was in the USA, and after he returned to the UK in 1986, Wilkes spent more and more time exploring the history of his subject. He had a remarkable instinct for doing history, and in another life that is the path his academic career might have taken. His special interest was Charles Babbage, of whom he first learned from Hartree in 1946. It says much of Wilkes's commitment that in May 1949-the month in which EDSAC began to work-he found time to visit the Science Museum in London to study Babbage's scientific manuscripts. He was the first person of the computer era to go back to the primary sources. In 1971 he gave the principal address (33) at a memorial meeting marking the centenary of Babbage's death, in which he reflected: I was by no means prepared to find Babbage living in a world so recognizably like that into which I was plunged 25 years ago. … So intimate is the impression created by Babbage's notebooks that one feels one has strayed into his laboratory and, while waiting for him to come in, has started to read the papers that are lying about. They are not wholly intelligible, but one is sure that when he does come in he will tell one about it.
Wilkes had a vivid lecturing and writing style, and never more so than on the subject of Babbage. He developed a strong friendship with Alan Bromley of Sydney University, the leading authority on Babbage's calculating machinery, and was greatly saddened by Bromley's untimely death in 2002. During his DEC sojourn Wilkes wrote a playlet 'Pray Mr Babbage', which was professionally acted and subsequently published (39). For many years Wilkes had enjoyed a correspondence with I. Bernard Cohen, Professor of the History of Science at Harvard University. During his time in the USA, this developed into a strong friendship, during the course of which Cohen encouraged Wilkes to write his memoirs and helped see them through the press (37). Wilkes returned to England in 1986. Now aged 73 years he believed, like Rutherford, that he could only be truly happy spending his days in a laboratory. While he had been away in the USA, Acorn Computers-the Cambridge-based developer of the highly successful BBC Microcomputer-had been acquired by Olivetti and had transformed itself into the Cambridge Olivetti Research Laboratories (ORL), with Andy Hopper as its managing director. Wilkes joined up as a full-time staff advisor on research strategy, and stayed with the Laboratory for the next 16 years. As at DEC, Wilkes was able to find a distinctive, but not central, role in the organization. Where other 'big shots' might not have been able to accept the loss of status from having been captain of their own ship, this never troubled Wilkes. His role at ORL was part advisor and industry watcher, and part ambassador. He was a great asset for ORL-he was extraordinarily well connected, could open doors, and had a measured charm. He had a major role in negotiations when first DEC and then Oracle took part ownership of ORL. His knowledge of the computer and electronics industries remained completely up to date, and he lectured on this topic for the 1990 Royal Society Clifford Paterson Lecture (40).
Wilkes's eminence continued to advance with his age. In 1992 he received the Kyoto Prize; with the ACM Turing Award, he had now received the two most prestigious honours in computing. In the following year he received an honorary doctorate from Cambridge University; recognition by his alma mater was the honour that Wilkes valued above all, even above the knighthood conferred on him in 2000.
Wilkes loved the daily rhythm of mornings spent in the Laboratory, lunch at St John's College, and-as he got older-an afternoon nap in his college rooms. He continued to write on computer history, particularly on Charles Babbage and his milieu, and published several articles in Notes and Records of the Royal Society (see, for example, (38, 42)). He wrote a book, Computer perspectives (41), which consisted largely of historical reflections on the development of computing during his lifetime.
After its acquisition by AT&T, ORL was shut down in 2002. For what was to be the last time Wilkes had to find another workplace, and he returned to the Computer Laboratory as an emeritus professor. Rather like an aged victor ludorum, he was welcomed back by the diminishing number who had known him in his prime, and held in awe by the rising generation. The Laboratory had expanded and moved in his years of absence. Now located in the William Gates Building on the university's West Cambridge site, the Laboratory was a world away from the old anatomy building where he had started out in the 1937. As he entered his nineties, life was inevitably less joyful. He bore the infirmities of old age well, but he found himself somewhat isolated; he had outlived practically all of his contemporaries and many of his students. His life partner Nina died in 2010, but the practical care of his children ensured that he could continue to live in the family home in Huntingdon Road that he had occupied since 1952. He continued to be seen daily in the Laboratory and St John's College up to the last weeks of his life. 
